In the pharmaceutical industry, supercritical fluid technology using carbon dioxide is used to modify the solid state properties of active pharmaceutical ingredients (APIs), such as characteristics of particles (size, shape, surface, crystal structure and morphology), crystallinity, and polymorphisms related to dissolution rate and bioavailability. [3] [4] [5] [6] [7] Many researchers have employed supercritical fluid techniques for micronization and for recrystallization of various APIs. 2, 4, 8, 9) Recently, Perrut and colleagues reported that in some cases, after a supercritical fluid process, the dissolution rates of poorly water-soluble APIs remained in the same order of magnitude, due to re-agglomeration and wetting problems, despite a reduction in particle size and increase in surface area. 10) They emphasized the use of hydrophilic pharmaceutical excipients to enhance wettability. 11) Various hydrophilic additives, such as poloxamers, hydroxypropyl methylcellulose (HPMC), polyethylene glycol (PEG) and polyvinyl pyrrolidone (PVP), have been used to enhance dissolution properties of poorly water-soluble APIs. [11] [12] [13] [14] [15] [16] [17] However, the use of relatively large amounts of hydrophilic additives could lead to unwanted results, including formation of thermodynamically unstable amorphous forms and an increase in total weight of the dosage form in the development of a drug formulation. Recently, Jarmer and coworkers reported a method to selectively modify crystal habit through the use of poly(sebacic anhydride) as a growth inhibitor when an API is processed using precipitation with a compressed anti-solvent (PCA) process. 18) In a previous study, we investigated the effect of process parameters on the micronization of the poorly water-soluble compound cilostazol using a supercritical antisolvent process (SAS). 19) Here we used cilostazol as a model drug and processed it by SAS with very small amounts of various additives, with the aim of increasing its wettability and dissolution rate. The solid state of particles precipitated from dichloromethane containing additives in SC-CO 2 medium were characterized by differential scanning calorimetry (DSC), powder X-ray diffraction system (PXRD), FT-IR, particle size analysis, scanning electron microscopy (SEM), contact angle, and dissolution.
with ethanol. Chromatographic analyses were performed on a Waters HPLC system consisting of a pump (Model 600), an auto-sampler (Model 717 plus), and UV detector (Model 486 Tunable Absorbance Detector). The C 18 reverse phase column (Xterra, 5 mm, 4.6 mmϫ250 mm, Waters) was used at room temperature. The mobile phase consisted of water : acetonitrile (40 : 60) and was pumped at a flow rate of 1.0 ml/min. The injection volume was 20 ml. The signal was monitored at 254 nm. Analysis of the residual solvent was carried out on a Shimadzu 2010 model gas chromatograph (Shimadzu, Japan) equipped with a flame ionization detection (FID) system. The morphology of particles was examined by scanning electron microscopy (SEM; JSM-7000F, Jeol Ltd., Japan). X-Ray diffraction patterns were recorded on a Rigaku Powder X-ray diffraction system (Model D/MAX-2200 Ultima/PC, Japan). The X-ray source was a CuKa radiation (lϭ0.15418 nm), which was operated at 40 kV and 45 mA. Differential scanning calorimetry measurements were carried out using a DSC S-650 (Scinco Co. Ltd., Korea). FT-IR spectra were obtained on an FT-IR spectrometer (Bruker FT-IR: Tensor 27, Germany) using the attenuated total reflectance method. The particle sizes and distributions of samples were determined with a Sympatec laser diffraction analyzer (HELOS/RODOS, Clausthal-Zellerfeld, Germany) consisted of a laser sensor HELOS and a RODOS dry-powder air-dispersion system. The specific surface area was determined using the gas adsorption method (ASAP 2010, Micromeritics Instrument Corporation, U.S.A.). The contact angle was measured by the sessile drop technique using a drop shape analysis system (DSA100, Krüss GmbH, Germany). A compressed disc of the powder (200 mg) was made at 30 kN. The contact angle between the disc and a single drop of water (25 ml) was determined after the droplet was put onto the disc. Dissolution tests were performed using a USP XXIII rotating paddle apparatus with VK 7000 dissolution testing station and VK 750d heater/circulator (Vankel, U.S.A.) at 37°C and a rotating speed of 50 rpm in 900 ml of pH 1.2 simulated gastric fluids (without pepsin) with 0.3% w/v sodium lauyl sulfate. Accurately weighed samples containing the equivalent of 50 mg cilostazol were dispersed in the dissolution medium. Then, 2 ml of aliquot samples were collected at different time intervals and analyzed by HPLC.
Results and Discussion
Morphology The SEM images showed agglomerates of sub-micron-to micron-sized particles with particle sizes of the SAS processed particles decreased significantly compared to the starting material (Fig. 1) . It is clear from SEM images that the addition of additives had considerable effect on the shapes of cilostazol particles. The common crystal form of cilostazol is needle-shaped with a rough surface, whereas the SAS processed particles with TPGS 1000, Gelucire ® 44/14 and Gelucire ® 50/13 changed to plate-or leafletshaped. However, the morphologies of SAS processed particles with or without poloxamer 188 and poloxamer 407 were similar.
Solid-State Characterization Figure 2 represents the Xray diffraction patterns of the cilostazol before and after processing with SAS. Neither appearance of new peaks or disappearance of peaks was detected in the SAS processed cilostazol. In Fig. 2 , the locations (2q) of every peak are identical, while the relative integrated intensity of the peaks varies. The intensities of peaks in particles with Gelucire ® 44/14, Gelucire ® 50/13 and TPGS 1000 were higher than that of the others. This could be due to higher crystal perfection, or to different preferred orientations of the crystals in the sample holder because of their different crystal habits. Preferred orientation is a condition in which the distribution of crystal orientation is non-random and a specific crystalline frame may tend to cluster to a greater or lesser degree about some particular orientation. 20) In SEM images (Fig. 1) , these samples were plate-or leaflet-shaped. The abundance of the planes exposed to the X-ray source would have been altered, producing the change in the relative intensities of the peaks. 21, 22) The samples recrystallized from dichloromethane containing additives in SC-CO 2 medium as well as the unprocessed sample exhibited identical IR spectra, which indicated that the altered X-ray diffraction patterns for these samples were not associated with changes at the molecular level (data not shown). Figure 3 shows the DSC thermograms of cilostazol before and after processing with SAS, as summarized in Table 1 . Recently, Stowell and colleagues 23) reported three different polymorphs of cilostazol (Form A, B and C) with melting points of 159°C, 136°C and 146°C, respectively. In our study, the cilostazol did not change its crystal form during the SAS process. In addition, an ANOVA test showed no significant difference in onset and fusion temperature obtained for various cilostazol particles. However, there was a significant difference in the enthalpy of fusion (pϽ0.05). The decrease in enthalpy of fusion indicated a decrease in crystallinity. The crystallinity of cilostazol was slightly decreased during SAS process. Generally, the crystallinity of a pharmaceutical substance has an effect on its dissolution and bioavailability. 24) The issue of solvent residues is also of interest for pharmaceutical products. GC analysis revealed a dichloromethane residual in the processed particles of less than 50 ppm. This is a very good result considering that the permitted dichloromethane concentration limit in drugs is 600 ppm, as reported by the ICH guidelines. 25) HPLC analysis confirmed that no chemical degradation occurred in the drug after the SAS process. It can be concluded that precipitation of cilostazol from supercritical carbon dioxide did not cause any polymorphic changes, and reduced crystallinity and crystal habit modification were observed. Figure 4 shows the dissolution profiles of cilostazol in dissolution medium under sink conditions (CϽ0.2C s ). Table 2 summarizes the dissolution profiles of raw cilostazol and processed cilostazol, in terms of dissolution efficiency (D.E.) at 60 min and Hixon-Crowell cuberoot equation release constant (K b ). All processed cilostazol exhibited faster dissolution rates than the raw drug, with approximately 5.4 and 7.2 times increase in dissolution efficiency (D.E. 60 ). The ANOVA test found significant differences among the samples (pϽ0.001), and the release constants (K b ) increased in following order: raw drugϽ Gelucire ® 50/13ϭGelucire ® 44/14Ͻwithout additiveϭTPGS 1000Ͻpoloxamer 407ϭpoloxamer 188 (ranked by the Student-Newman-Keuls test). The cilostazol samples processed 232 Vol. 58, No. 2 a) MeanϮS.D., nϭ6. b) Calculated from the area under the dissolution curve at 60 min and expressed as % of the area of the rectangle described by 100% dissolution in the same time. c) Hixon-Crowell cube-root equation in which 1Ϫ(1ϪM t /M 0 ) 1/3 is plotted against time (M t , drug content remaining after time t; M 0 , original content of drug). d) Determination coefficient (r with poloxamer 188 and 407 had the highest dissolution rates, caused by the decreased crystallinity, the decreased particle size and thus increased surface area, and the improved wettability, reflected by the contact angles, as described in Table 3 . However, the dissolution rate of cilostazol with Gelucire ® 44/14 and 50/13 were significantly decreased, due to the increased particle size and distribution, despite the higher wettability compared to cilostazol without additives.
Dissolution Study
The lower contact angles or higher hydrophilicities suggest a change in surface properties of the precipitated cilostazol. It was expected that the addition of additives would affect particle formation processes, such as supersaturation, nucleation and crystal growth in SC-CO 2 medium, resulting in changes in surface properties and shape of particles without polymorphic changes.
In conclusion, micronization with supercritical antisolvent process resulted in a significant decrease in mean particle size. Wettability of cilostazol was increased by using a small amount of hydrophilic additives. Interestingly, particle sizes of cilostazol processed with Gelucire ® 44/14 and 50/13 were increased compared to cilostazol processed without additives. Among the additives studied here, poloxamer 188 and poloxamer 407 proved to be superior in increasing the dissolution rate due to the decreased particle size and thus increased surface area, and the improved wettability. 
